A novel gene encoding 55 amino-acid residues has been identified from the brooding pouch cDNA library of Hippocampus kuda Bleeker. The deduced amino-acid sequence is highly homologous to several pleurocidin-like peptides from the winter flounder and comprises a signal peptide, a pro-peptide and a mature peptide. The glycine-rich mature peptide, designated HKPLP, contains 24 amino-acid residues and has been synthesized by solid-phase peptide synthesis. The purified HKPLP exhibits antimicrobial activity against several Gram-positive and Gram-negative bacterial strains at low concentrations (MIC 1.5-7.5 lM). Thermal stability assay data show good heat stability. CD spectroscopy experiments indicate that the dominant contents are anti-parallel and parallel sheets, which may have b-sheet or b-strand motif. It is inferred that HKPLP participates in the host defense during egg fertilization and embryo development as an antimicrobial peptide in brooding pouch.
INTRODUCTION
Antimicrobial peptides (AMPs) are broadly defined as an abundant group of small (12-50 amino acids) proteins with 2-9 positively charged lysine or arginine residues and considered to be potential candidates as therapeutic medicines or food additives. 1 AMPs have been characterized from widely distributed sources, such as invertebrate, plant, insect, bird and mammal species. To date, over 1500 different AMP sequences have been identified. 2, 3 The majority of AMPs are characterized by an amphipathic structure, composed of hydrophobic and cationic amino acids. These molecules display both cationic and hydrophobic surfaces, 4 and this is considered as a prerequisite for the disruption of biological membranes and direct cell lysis. Other mechanisms of antimicrobial action are, however, also possible including inhibition of cell wall, protein or nucleic-acid biosynthesis or binding to heat-shock proteins. [5] [6] [7] Owing to these activities, AMPs can act as a first line of defense against invading pathogens, and they are considered to be important components of the innate immune systems of various animal species. [8] [9] [10] The AMPs were initially identified during biochemical purification, whereas recently, more and more putative novel AMPs have been found by molecular biological techniques via expressed sequence tag analyses and gene cloning. 11, 12 A putative AMP HKPLP consists of 24 amino-acid residues, which is encoded by a novel gene from the brooding pouch cDNA library of Hippocampus kuda Bleeker, a seahorse used as a traditional Chinese medicine. In our previous work, the HKPLP peptide was expressed successfully in P. pastoris with the secretion vector pPICZaA, avoiding the harm of product toxicity to the host. However, the engineering strain was genetically unstable and prone to gene silencing. 13 In the present study, solid-phase peptide synthesis approach was adopted to gain the HKPLP peptide. After purification, the molecular mass was identified by MALDI-TOF, and then the antimicrobial activity spectrum was investigated, as well as heat stability. The CD spectrum indicated that antiparallel and parallel sheets structures were dominant contents. It was assumed that the secondary structural motif and glycine-enriched nature have a key role in the antimicrobial activity of HKPLP.
MATERIALS AND METHODS

Sequence analysis
The total RNA of brooding pouch tissue from the Hi. k. Bleeker collected in an aquaculture farm in China was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA). A cDNA library was constructed and 3372 cDNA clones were sequenced as described previously. 14 On the basis of the sequence alignment and NCBI BLAST, a new gene named hkplp was isolated, then the sequence data were deposited to NCBI (GenBank ID: AY864343). 14 
Peptide synthesis
The HKPLP peptide (FLGLIFHGLVHAGKLIHGLIHRNR-NH 2 ) was assembled according to a standard Fmoc-protocol using Rink resin with 0.45 mmol g -1 loading capacity as described previously. 15 The amino-acid residues were coupled using HOBt/HBTU/DIPEA (1:1:0.9) for 2 h. The peptide was removed from the resin by a 3 h treatment with reagent R (90% TFA: 5% thioanisole: 3% 1,2-ethanedithiol: 2% anisole). After cleavage, the crude peptide was precipitated with anhydrous diethyl ether by centrifugation at 4000 r.p.m. for 10 min. The pellets were washed twice by diethyl ether, and then lyophilized.
Purification and identification
The crude production was dissolved in distilled water and purified by RP-HPLC on a Waters C 18 column (4.6Â250 mm, 5 mm, 300 Å ) using a linear gradient of 5-60% solvent B in 50 min, solvent A was 0.1% (v/v) TFA in water and solvent B was 0.1% (v/v) TFA in 100% acetonitrile. The flow rate was 1 ml min -1 . The separation was monitored by UV absorbance at 215 nm.
The identity of the peptide was confirmed by MALDI-TOF (Bruker Daltonics REFLEX III, Germany). The sample (in 30% acetonitrile/0.1% TFA) was treated with a-cyano-4-hydroxycinnamic acid.
Antimicrobial activity
Peptide concentrations were determined using BCA Protein Assay kit (Pierce, Appleton, WI, USA), and zone-of-inhibition assay was performed on the following strains: the Gram-negative bacteria Escherichia coli, Enterococcus faecium and Salmonella choleraesuis, the Gram-positive bacteria Staphylococcus haemolyticus and Staphylococcus aureus.
Bacteria were grown at 37 1C in broth medium. When reached in midlogarithmic phase, the cells were poured into agar plates. After solidification, a gel punch (2 mm in diameter) was used to make evenly spaced wells and 10 ml HKPLP was added to each well, and a parallel 500 mg ml -1 Ampicillin was added as a positive control. Plates were incubated for 3 h at 37 1C and then turned over and incubated for a further 12 h. Then the clear zones around the wells could be visualized and examined.
The antibacterial activity of HKPLP was quantitatively analyzed using the bacterial and fungi strains listed in Table 2 , as previously described. 16 Briefly, the bacteria were grown in the appropriate medium and then portioned into a 96-well plate with 10 6 cells per well, treated with the peptide at a series of concentrations. The MIC was defined as the lowest peptide concentration giving 450% inhibition of the test organism compared with the control, measured at 630 nm. Measurements were done three times.
Thermal stability assay
To analyze the thermal stability of HKPLP, it was dissolved in 10 mM phosphate buffer (pH 6.0). and exposed to various temperatures ranging from 20 to 100 1C for 30 min. The antimicrobial activity was investigated by agar diffusion assay using S. aureus with untreated samples (at room temperature) as positive control and phosphate-buffered saline as a negative control. All assays were performed twice.
CD spectroscopy
CD spectrum was carried out in an Applied Photophysics Spectropolarimeter. The sample was dissolved to a final concentration of 200 mM in sterilized distilled water and added into a 10 mm quartz cuvette. The measurements were performed over 190-260 nm wavelength range at room temperature using an average of three scans.
RESULTS
Sequence analysis
A novel gene was obtained by random sequencing of the cDNA library. The sequences of such a cDNA clone and the deduced peptide are shown in Figure 1 . The 435 bp cDNA sequence contained an ORF of 168 bp that was predicted to encode a peptide of 55 amino acids, which consisted of signal peptide, mature peptide and pro-peptide. Through BLAST analysis and alignment, the full-length peptide had 87 percent similarity (70% identities) to Hb26 derived from Hippoglossus hippoglossus 17 and 80 percent similarity (59% identities) to PLE3 derived from Pseudopleuronectes americanus, 18 respectively (Figure 2) . The physical and chemical property of the mature peptide compared with Hb26 and PLE3, as shown in Table 1 . Both Hb26 and PLE3 belonged to pleurocidin-like peptides. The physical and chemical property of the mature peptide were compared with Hb26 and PLE3, as shown in Table 1 . Thus, the novel peptide of this work is proposed to be a new pleurocidin-like peptide. According to posttranslational modification principles, a putative proteolytic cleavage site existed, we suggested that the mature peptide containing 24 amino-acid residues with the glycine following arginine was processed to a C-terminal amide, [19] [20] [21] and designated HKPLP (Hi. K. Bleeker pleurocidin-like peptide).
Peptide synthesis and MS
The peptide HKPLP was synthesized by Fmoc method. The overall yield of peptide based on the initial starting resin was B20%. After purification, the RP-HPLC profile and mass spectra were obtained. As shown in Figure 3 , the fractions by RP-HPLC displayed a single distinct peak with the m/z signal at 2717.279 Da corresponding to an average mass of 2716.279 Da. The theoretical monoistopic mass of HKPLP was 2717 Da and the value was consistent with an amidated C-terminus (À1 Da).
Antimicrobial activity
Inhibitory-zone assays confirmed that peptide HKPLP indeed had a capacity of killing bacteria, including some animal pathogenic and spoilage microorganisms, as shown in Figure 4 .
The MIC results indicated that Staphylococcus aureus were the most sensitive bacteria to peptide HKPLP at 1.5 mM, E.coli K 12 D 31 and strains of pathogenic Staphylococcus were also inhibited at concentration of 3-15 mM. HKPLP could also inhibit the growth of fungi at Identification, synthesis and characterization of HKPLP D Sun et al relatively high concentrations (96 and 384 mM, respectively), as shown in Table 2 .
Thermal stability assay Most AMPs are stable to high temperatures, so HKPLP might also possess heat stability. It was noted that HKPLP retained its full activity after exposing to temperature ranging from 20 to 80 1C for 30 min, and only about 20% of activity was lost when boiling at 100 1C for 30 min. These results suggest that HKPLP was not significantly affected by temperatures up to 100 1C.
CD spectroscopy
We determined the structural property of HKPLP using CD spectroscopy and the absorption curve presented v-shaped spectra indicating b-sheet, 22 as shown in Figure 5 . 
Enterococcus faecium 15
Vibrio damsela 48
Fungi Candida albicans 96
Saccharomyces cerevisiae 384
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The percent helical and sheet content was calculated using the method proposed by Baldwin 23 and the data revealed that there were 48.1% antiparallel and 13.4% parallel sheets structures in peptide HKPLP, suggesting that HKPLP might adopt b-sheet or b-strand motif instead of a-helix.
DISCUSSION
In the chemical synthesis of HKPLP, the hydrophobic and sterically hindered amino acids brought some trouble in the coupling reaction, and therefore we lengthened the coupling time and adjusted the pH between 6 and 7, then obtained the cationic peptide in higher yield.
A definite classification of AMPs is yet not established, based on the structural features, they are usually divided into a-helical, cysteine rich, specific amino acid-enriched and miscellaneous categories. 24, 25 The specific amino acid-enriched peptides from marine species include the proline-rich, [26] [27] [28] arginine-rich 29, 30 and glycine-rich. 31 Hyastatin, an 11.7 kDa glycine-rich (11.6%, 15 glycines in 129 total residues) peptide from the spider crab hemocytes, 31 possesses activity against Gram-positive and Gram-negative bacteria as well as fungi. HKPLP has similar high glycine content (16.7%, 4 glycines in 24 total residues) as Hyastatin, but contains no cysteines, whereas C-terminus region of Hyastatin contain 6 Cys residues. The glycine-rich character along with three positive-charged amino-acid residues makes HKPLP exert antimicrobial activity.
The native Hyastatin shows high activity against Gram-positive bacterium Corynebacterium glutamicum (MIC 0.4 mM) and yeasts (MIC 12.5 mM). Although HKPLP has less activity than Hyastatin against yeasts (MIC 4100 mM), it exhibits more activity against some Gram-positive (S.aureus) and Gram-negative (E.coli) bacteria. Both of Hyastatin and HKPLP have their own merits.
We have isolated another AMP named HKABF from Hi. k. Bleeker, which comprises hydrophobic sequences followed by the positivecharged domain KKRR. 16 HKABF belongs to cysteine-rich peptides, and CD spectrum indicates that it contains CSab motif, whereas HKPLP possesses b-sheet rather than cysteine and belongs to specific amino acid-enriched peptides. It implies that HKPLP and HKABF adopt different secondary structures although both exhibit antimicrobial activity and are produced by the same species.
It is inferred that AMPs including HKPLP and HKABF constitute the innate immune system along with other factors such as natural killer cell enhancement factor (NKEF), antioxidant proteins, and lectins in Hi. K. Bleeker and participate in the host defense during the fertilization and development of eggs in vivo, which is correlated with paternal brooding pattern. This mechanism has a very important role in primitive vertebrates with low specificity and rapid response time.
Overall, our study has revealed that HKPLP has strong antimicrobial activity and heat stable property in vitro, and may participate in protection against infectious pathogens as antimicrobial agents in the brooding pouch. These data encourage further investigations of the potential of HKPLP as a drug or food additive. Identification, synthesis and characterization of HKPLP D Sun et al
